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bore, that receives a corresponding jomning member. The
joining member 1s urged 1nto the aperture against the joining
surfaces and moved, for example, by oscillating or rotating
the joining member, to friction weld the joining member to
the structural members. Each structural member can include
a clamping portion that 1s received by a clamping device that
prevents the aperture from opening as the joining member 1s
urged 1nto the aperture. A gripping portion of the joining
member and the clamping portions of the structural mem-
bers can be trimmed from the resulting preform to form a
finished structural assembly.

19 Claims, 10 Drawing Sheets
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POSITIONING A FIRST STRUCTURAL MEMBER PROXIMATE TO A SECOND STRUCTURAL MEMBER SUCH THAT
A FIRST JOINING SURFACE OF THE FIRST STRUCTURAL MEMBER AND A SECOND JOINING SURFACE OF THE
SECOND STRUCFURAL MEMBER DEFINE AN ANGLED SLOT THEREBETWEEN, THE SLOT BEING GENERALLY
UNIFORM IN A LONGITUDINAL DIRECTION OF THE SLOT FOR RECEVING A JOINING MEMBER THEREIN.

POSITIONING THE STRUCTURAL MEMBERS SUBSTANTIALLY WITHIN A PLANE. 102 104

PROVIDING A CLAMPING PORTION ON EACH OF THE STRUCTURAL MEMBERS, EACH

| CLAMPING PORTION EXTENDING FROM THE RESPECTIVE STRUCTURAL MEMBER AND 106
DEFINING A CLAMPING SURFACE.

INSERTING THE CLAMPING PORTION OF THE STRUCTURAL MEMBERS IN A CLAMPING
CHANNEL OF A CLAMPING DEVICE SUCH THAT THE CLAMPING DEVICE CONTACTS THE
108 |CLAMPING SURFACES OF THE STRUCTURAL MEMBERS TO PREVENT THE SLOT FROM OPENING.

N PROVIDING A SPACE BETWEEN THE CLAMPING DEVICE AND THE JOINING MEMBER SUCH
| THAT SAID SPACE IS CAPABLE OF RECEIVING FLASH FROM THE JOINING MEMBER AND THE

110 JOINING SURFACES OF THE STRUCTURAL MEMBERS.

[ POSITIONING THE STRUCTURAL MEMBERS SUCH THAT AN ALIGNMENT PORTION OF THE

FIRST STRUCTURAL MEMBER ENGAGES AN ALIGNMENT PORTION OF THE SECOND
112 STRUCTURAL MEMBER TO DEFINE AN INTERFACE THEREBETWEEN.

™ JOINING THE FIRST AND SECOND STRUCTURAL MEMBERS TO AT LEAST A THIRD STRUCTURAL

MEMBER SUCH THAT THE THIRD STRUCTURAL MEMBER MAINTAINS THE RELATIVE POSITION
OF THE STRUCTURAL MEMBERS TO PREVENT THE SLOT FROM OPENING.

. i — 114
URGING THE JOINING MEMBER INTO THE SLOT AND AGAINST THE JOINING
SURFACES OF THE STRUCTURAL MEMBERS.

URGING THE JOINING MEMBER IN A NORMAL DIRECTION GENERALLY
| PERPENDICULAR TO A PLANE DEFINED BY THE STRUCTURAL MEMBERS.
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116
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Yy __ — _
MOVING THE JOINING MEMBER ALTERNATELY IN FIRST AND SECOND QPPOSED DIRECTIONS GENERALLY
PARALLEL TO THE LONGITUDINAL DIRECTION OF THE SLOT AND THEREBY FRICTION WELDING THE JOINING
MEMBER TO THE FIRST AND SECOND STRUCTURAL MEMBERS.

A I 120
ENGAGING AN ACTUATOR TO A GRIPPING PORTION OF THE JOINING MEMBER AND
ACTUATING THE JOINING MEMBER IN ALTERNATE OPPOSED DIRECTIONS AND | {9
| TRIHING HE GRIPING PORTION ROM THE JONNG MENBER._ |

TERMINATING THE MOVING OF THE JOINING MEMBER AND URGING THE JOINING MEMBER AGAINST THE
' FIRST AND SECOND STRUCTURAL MEMBERS AS THE JOINING SURFACES AND THE JOINING MEMBER COOL
T0 THEREBY FORM THE FRICTION WELD JOINT BETWEEN THE JOINING SURFACES AND THE JOINING MEMBER.

TRIMMING THE CLAMPING PORTION FROM THE STRUCTURAL MEMBERS. 124
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FIRST JOINING SURFACE OF THE FIRST STRUCTURAL MEMBER AND A SECOND JOINING SURFACE OF THE SECOND
STRUCTURAL MEMBER DEFINE AN ANGLED APERTURE THEREBETWEEN FOR RECEIVING A JOINING MEMBER
THEREIN AND SUCH THAT A CLAMPING PORTION OF EACH STRUCTURAL MEMBER EXTENDS FROM THE
RESPECTIVE STRUCTURAL MEMBER AND DEFINES A CLAMPING SURFACE.

POSITIONING THE STRUCTURAL MEMBERS SUCH THAT ALIGNMENT PORTIONS OF EACH OF THE CLAMPING
PORTIONS ARE ENGAGED TO DEFINE AN INTERFACE THEREBETWEEN.
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SURFACES OF THE STRUCTURAL MEMBERS. 204

206

POSITIOINING AT LEAST THREE STRUCTURAL MEMBERS TO DEFINE THE APERTURE.
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| INSERTING THE CLAMPING PORTIONS OF THE STRUCTURAL MEMBERS IN A CLAMPING APERTURE 208
OF A CLAMPING DEVICE. 210\

URGING THE JOINING MEMBER INTO THE APERTURE AND AGAINST THE JOINING SURFACES OF THE
STRUCTURAL MEMBERS [N A DIRECTION GENERALLY PARALLEL TO THE CLAMPING SURFACES OF THE
STRUCTURAL MEMBERS SUCH THAT THE JOINING MEMBER URGES THE CLAMPING SURFACES OF THE

STRUCTURAL MEMBERS AGAINST THE CLAMPING DEVICE TO THEREBY PREVENT THE APERTURE FROM QPENING.

MOVING THE JOINING MEMBER RELATIVE TO THE STRUCTURAL MEMBERS AND THEREBY FRICTION WELDING
THE JOINING MEMBER TO THE FIRST AND SECOND STRUCTURAL MEMBERS.

1 ENGAGING AN ACTUATOR TO A GRIPPING PORTION OF THE JOINING MEMBER AND 29
4 TRIMMING THE GRIPPING PORTION FROM THE JOINING MEMBER.

POSITIONING THE STRUCTURAL MEMBERS TO DEFINE A GENERALLY UNIFORM ANGLED SLOT AND
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| T0 A LONGITUDINAL DIRECTION OF THE SLOT TO FRICTION WELD THE JOINING MEMBER TO THE

FIRST AND SECOND STRUCTURAL MEMBERS.
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JOINING STRUCTURAL MEMBERS BY
FRICTION WELDING

FIELD OF THE INVENTION

This invention relates to friction welding and, more
specifically, to friction welding of one or more structural

members to form a structural assembly.

BACKGROUND OF THE INVENTION

Structural devices are often formed as assemblies of a
number of smaller structural members. Such assembling of
individual members may be necessary to form devices that
are too large or too complicated to be formed by conven-
tional manufacturing methods. For example, such factors as
casting sizes, forging sizes, available plate and block sizes,
and the like can limit the size and geometry of the structural
members that can be manufactured. To form larger or more
complex devices, the structural members are typically
assembled by joining the individual structural members
using a variety of known joining techniques including, for
example, mechanical fastening or welding.

Jomts formed by mechanical fasteners such as rivets,
screws, and bolts typically require an overlap of the struc-
tural materials at the joint. The fasteners and the overlap of
material result 1n an 1ncrease 1n weight of the joint and the
structural assembly. The joint can also introduce areas of
increased stress, for example, around holes drilled for
receiving rivets. Alternatively, weld joints can be formed to
join the structural members, sometimes requiring little or no
overlap of material. However, the formation of conventional
weld joints, such as by arc or electron beam welding, can
result 1 undesirable dimensional changes 1n the structural
members. Welding can also introduce porosity or other
disconfinuities 1mto the structural members or otherwise
cause unwanted changes to the material properties of the
structural members.

Friction welding has also been proposed as an alternative
to conventional welding methods for joining members.
Linear friction welding, and rotational friction welding can
be used to form strong joints without reducing the mechani-
cal characteristics of the joined materials or causing signifi-
cant dimensional changes. However, each of these conven-
tional friction welding techniques 1s limited by the
dimensions of the structural members and/or the joints to be
formed. For example, conventional linear friction welding
and rotational friction welding require one member to be
moved, 1.¢. oscillated or rotated, and urged against the other
member. Because of the difficulty of moving large structural
members, it can be impossible or impractical to join some
structural members by these techniques.

Thus, there exists a need for an 1improved apparatus and
method of joming structural members to form structural
assemblies. Preferably, the method should enable the manu-
facture of preforms that approximate the desired dimensions
and configuration of the structural assembly and therefore
require little machining or other subsequent processing to
form the structural assemblies. The method should be adapt-
able for joming large and/or complex structural members.
Further, the method should not add significant weight to the
structural assembly, and should minimize dimensional
changes and undesirable changes to the material properties
of the structural members.

SUMMARY OF THE INVENTION

The present invention provides an apparatus and method
for joining structural members to form preforms and struc-
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tural assemblies. A joining member, which can be smaller
than the structural members, 1s friction welded to join the
structural members. The structural members can remain
stationary during the joining process and can be large or
complex. The friction welding process provides a strong
joint without appreciably detracting from the dimensional or
material characteristics of the members. Further, the joint
can be formed without an overlap of material or other undue
additions of weight.

According to one embodiment of the invention, first and
second structural members are positioned proximately so
that first and second joining surfaces define an angled
aperture between the members. In other embodiments, more
than two structural members can be positioned to define the
aperture so that at least three members are joined. The
aperture can be a slot that extends generally uniformly
through the members or a frustoconical aperture. A joining
member 1s urged into the slot and against the joining
surfaces and moved relative to the members to friction weld
the joining member thereto. For example, the structural
members can be disposed substantially within a plane and
the joining member can be urged in a normal direction
generally perpendicular to the plane. The joining member
can be moved alternately 1n first and second opposed direc-
tions that are generally parallel to a lengthwise direction of
the slot. Alternatively, the joining member can be rotated
about an axis generally collinear with a longitudinal axis of
the aperture.

According to one aspect of the invention, each structural
member defines a clamping portion that extends from the
respective structural member and defines a clamping
surface, which can be generally parallel to the direction of
urging of the joining member. The clamping portions can be
inserted 1n a clamping channel of a clamping device so that
the clamping device contacts the clamping surfaces to
prevent the aperture from opening while the joining member
1s urged against the joining surfaces. A space can be pro-
vided between the clamping device and the joining member
to receive flash from the joining member and the joining
surfaces. Additional structural members can also be friction
welded to the first and second structural members to main-
tain their relative positions and prevent the aperture from
opening. According to another aspect, the structural mem-
bers include alignment portions that are engaged to define an
interface.

The joining member can be urged against the structural
members after the motion of the joining member 1s termi-
nated to form firiction weld joints between the joining
surfaces and the joining member as the joining surfaces and
the joining members cool. Further, the clamping portion
and/or gripping portions can be trimmed from the structural
and joining members.

The present mvention also provides a preform for use 1n
forming a structural assembly of predetermined dimensions.
The preform includes first and second structural members,
which can be formed of aluminum, aluminum alloys,
fitanium, titanium alloys, steel, nickel-based alloys, copper-
based alloys, or beryllium-based alloys. Each of the struc-
tural members can be formed of the same or different
materials, such that the preforms and structural members
formed according to the invention can comprise a single or
multiple materials. The structural members define joining
surfaces, which define an angle therebetween. A joining
member corresponding to the angle 1s disposed between the
joining surfaces and joined by friction weld joints to the
jomning surfaces. Each structural member also defines a
clamping portion that extends from the respective structural
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member. The clamping portions define generally parallel
clamping surfaces for engaging an aperture of a clamping
device. According to one aspect of the invention, the joining
member defines a generally frustoconical plug and the
joimning surfaces define a generally frustoconical contour
corresponding to the joining member. Alternatively, the

joining member can define an elongate member and the
joining surfaces can define an angled slot that extends
generally uniformly 1n a lengthwise direction of the joining
member and corresponds to the joining member.

According to another aspect of the invention, the struc-
tural members define alignment portions that are engaged to
define an 1nterface therebetween. A space between the
interface of the alignment portions and the joining member
can be at least partially filled with flash from the joining
member and/or the joining surfaces. The jomning member
can also include a gripping portion that extends from
between the first and second structural members.

According to another embodiment, the present invention
provides a structural assembly that 1s formed from the
described preform by trimming the clamping portions of the
structural members and the gripping portion of the joining
member.

The present invention also provides an apparatus for
joining at least two structural members to form a structural
assembly. The apparatus includes a clamping device that
defines a clamping aperture for receiving at least a portion
of the structural members so that the structural members
define an angled aperture for receiving a joining member. A
connection device, configured to be connected to a joining
member, 1s actuated by first and second actuators. The first
actuator 1s configured to urge the connection device toward
the clamping device and thereby urge the joining member
into the angled aperture between the structural members.
The second actuator 1s configured to move the connection
device and thereby friction weld the joining member to the
structural members. The clamping device 1s structured to
engage a clamping surface of each structural member to
restrain the structural members and thereby prevent the
angled aperture from opening. The angled aperture can be a
slot, and the second actuator can be configured to move the
connection device 1n first and second opposed directions
ogenerally parallel to a lengthwise direction of the slot to
friction weld the joining member to the structural members.
Alternatively, the aperture can be a generally frustoconical
aperture, and the second actuator can be configured to rotate
the connection device about an axis generally collinear to
the aperture to friction weld the joining member to the
structural members. The clamping device can also define a
space 1n the angled aperture for receiving flash from the
joining member while the joining member 1s being joined to
the structural members.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other advantages and features of the
invention, and the manner in which the same are
accomplished, will become more readily apparent upon
consideration of the following detailed description of the
invention taken in conjunction with the accompanying
drawings, which 1llustrate preferred and exemplary
embodiments, but which are not necessarily drawn to scale,
wherein:

FIG. 1 1s a perspective view 1llustrating first and second
structural members being joined by friction welding accord-
ing to one embodiment of the present invention;

FIG. 2 1s a perspective view 1llustrating the structural
members of FIG. 1 configured before being joined;

10

15

20

25

30

35

40

45

50

55

60

65

4

FIG. 3 1s a partial elevation view 1illustrating a preform
formed by joining the structural members of FIG. 1 accord-
ing to one embodiment of the present invention;

FIG. 4 1s a perspective view 1llustrating the preform of
FIG. 3;

FIG. 5 1s a partial elevation view illustrating a structural
assembly formed from the preform of FIG. 3;

FIG. 6 1s a perspective view 1llustrating the structural
assembly of FIG. §;

FIG. 7 1s a partial elevation view 1illustrating first and
second structural members joined to form a preform accord-
ing to another embodiment of the present invention;

FIG. 8 1s a partial elevation view 1llustrating a structural
assembly formed by trimming the preform of FIG. 7,

FIG. 9 1s a perspective view 1llustrating two structural
members joined by three additional structural members and
coniigured for joining according to another embodiment of
the present mvention;

FIG. 10 1s a partial elevation view 1illustrating a preform
formed by joining the structural members of FIG. 9 accord-
ing to one embodiment of the present invention;

FIG. 11 1s a partial elevation view 1llustrating a structural
assembly formed by trimming the preform of FIG. 10;

FIG. 12 1s a plan view of four structural members con-
figured for joining according to another embodiment of the
present 1nvention;

FIG. 13 1s a section view of a preform formed by joining,

the structural members of FIG. 12 as seen along line 13—13
of FIG. 12;

FIG. 14 1s a plan view of a structural assembly formed by
trimming the preform of FIG. 13;

FIG. 15 1s a section view of the structural assembly of
FIG. 14 as scen along line 15—135 of FIG. 14;

FIG. 16 1s a flow chart illustrating a method for forming
a preform and structural assembly according to one embodi-
ment of the present mnvention; and

FIG. 17 1s a flow chart illustrating a method for forming,
a preform and a structural assembly according to another
embodiment of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention now will be described more fully
hereinafter with reference to the accompanying drawings, 1n
which preferred embodiments of the invention are shown.
This invention may, however, be embodied 1n many different
forms and should not be construed as limited to the embodi-
ments set forth herein; rather, these embodiments are pro-
vided so that this disclosure will be thorough and complete,
and will fully convey the scope of the invention to those
skilled 1n the art. Like numbers refer to like elements
throughout.

Referring to the drawings and, in particular, to FIG. 1,
there 1s 1llustrated an apparatus 10 for joining structural
members 20, 22, also shown 1n FIG. 2, by linear friction
welding according to one embodiment of the invention. The
structural members 20, 22 can be joined to form a preform
40, shown 1n FIGS. 3 and 4, that can be trimmed to form a
structural assembly 50, as shown 1n FIGS. 5 and 6. As
illustrated in FIGS. 1-4, the preform 40 1s formed by joining
the first structural member 20 and the second structural
member 22 with a joining member 30. In other
embodiments, the preform 40 can be formed from three or
more structural members, depending on the desired dimen-
sions and configuration of the preform 40 and the structural
assembly 50).
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The configuration and material composition of the struc-
tural members 20, 22 can be formed and selected according
to the specifications and design requirements of the struc-
tural assembly 50. The first and second structural members
20, 22 are 1llustrated 1in FIG. 1 as generally planar members,
but the structural members 20, 22 can also be formed 1n
other configurations, including blocks having rectangular or
square cross-sections, tubes and cylinders having circular or
oval cross-sections, or angles or channels having a variety of
cross-sectional shapes. The structural members 20, 22 can
also have irregular geometric configurations. As 1s known 1n
the art, the structural members 20, 22 can be formed from a
variety of fabricating processes including milling, casting,
and forging. Preferably, the structural members 20, 22 are
formed from materials having high strength to weight ratios
and good corrosion resistance. For purposes of example only
and not limitation, the structural members 20, 22 can com-
prise aluminum, aluminum alloys, titanium, titantum alloys,
steel, nickel-based alloys, copper-based alloys, beryllium-
based alloys, or mixtures thereof. Further, the structural
members 20, 22 can be formed from similar or dissimilar
materials.

In addition to the material composition and properties of
the structural members 20, 22, the selection of the structural
members 20, 22 1s based on the desired dimensions of the
structural assembly 50 that 1s to be formed. More
specifically, the desired dimensions of the structural assem-
bly 50 can be determined first and the structural members
20, 22 can then be selected so that the resulting preform 440
will closely approximate the predetermined dimensions and
configuration of the finished assembly 50. Advantageously,
by constructing preforms 40 having dimensions and con-
figurations closely or substantially approximating the pre-
determined dimensions and configuration of the correspond-
ing structural assembly 50, machining time and material
waste can be minimized, making the assemblies 50 more
economical to produce. The selection of materials and the
subsequent formation of preforms and structural assemblies
therefrom are described 1in U.S. application Ser. No. 10/092,
675, titled “Preforms for Forming Machined Structural
Assemblies,” filed Mar. 7, 2002, which 1s assigned to the
assignee of the present invention and the enfirety of which
1s incorporated herein by reference.

The apparatus and method of the present mnvention can be
used to manufacture various types of structural assemblies
50 that comprise part of a vehicle, such as an aircraft. For
example, the structural members 20, 22 can be panels, spars,
beams, or other components that are joined to form a wing,
wing support structure, fuselage, and the like.

As shown 1n FIGS. 1 and 2, the structural members 20, 22
are conflgured in the apparatus 10 so that the members 20,
22 define a slot 24 therebetween. The slot 24 1s partially
defined by joining surfaces 21, 23 of the structural members
20, 22, which are angled relative to one another to define a
converging angle that 1s generally uniform along the length
of the slot 24. The joimning member 30 preferably corre-
sponds 1n shape to the slot 24 so that, when the joining
member 30 1s 1nserted 1nto the slot 24, the joining member
30 engages the joiming surfaces 21, 23 of the structural
members 20, 22. The jomning member 30 and the joining
surfaces 21, 23 of the structural members 20, 22 can define
flat surfaces as shown, or each may define a curve or other
shape. Thus, the jomning member 30 and the slot 24 define a
lengthwise direction, which can be linear or non-linear. The
apparatus 10 1s configured to urge the joining member 30 1n
a direction 32 1nto the slot 24, and thereby urge the joining
member 30 against the joining surfaces 21, 23 of the
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structural members 20, 22. The apparatus 10 can include a
first actuator 11 such as a hydraulic, pneumatic, or electric
actuator for urging the joining member 30 against the
structural members 20, 22. The first actuator 11 can be
connected to a gripping portion 34 of the joining member 30
that extends from the slot 24 between the structural members
20, 22. The first actuator 11 can be connected thereto by a
variety of connection devices such as a hydraulically,

pneumatically, or mechanically adjustable gripping device
12.

According to some embodiments of the present invention,
the apparatus 10 also includes a clamping device 14 that can
be used to secure the position of the structural members 20,
22 during joining. The clamping device 14 can define a
clamping channel 16, which can extend the enfire length of
the clamping device 14 or only partially therethrough.
Additionally, the channel 16 can include multiple channels,
which can be parallel or collinear. The channel 16 1s con-
figured to receive clamping portions 26, 28 that extend from
cach of the structural members 20, 22. The clamping por-
tions 26, 28 of the structural members 20, 22 define clamp-
ing surfaces 27, 29 that engage the clamping channel 16 and
prevent the structural members 20, 22 from moving apart,
1.e., opening the slot 24. Thus, the engagement of the
clamping surfaces 27, 29 with the channel 16 prevents the
slot 24 between the structural members 20, 22 from opening
and opposes the urging force of the joining member 30 1nto
the slot 24. If the clamping channel 16 does not extend
entirely through the clamping device 14, the channel 16 can
also prevent transverse motion of the structural members 20,
22, 1.e., 1n directions denoted by reference numerals 38a,
38bH. The structural members 20, 22 can be secured to the
clamping device 14 by clamps 154, 15b or by bolts, tack
welding, tooling, or the like. The clamping device 14 can be
integral to, or connected to a backing plate 18, table, or to
a device for mmparting movement, such as a computer
numeric control (CNC) machine or similar device, as is
known 1n the art.

According to one embodiment, the structural members 20,
22 are disposed generally within a plane, and the urging
force of the joining member 30 1s directed generally normal
to the plane. As the joining member 30 1s urged 1nto the slot
24, the joining member 30 engages the angled joining
surfaces of the structural members and urges the structural
members 20, 22 apart. The clamping surfaces 21, 23 of the
structural members 20, 22 engage the clamping channel 16
of the clamping device 14 and arc restrained so that the slot
24 does not open. The urging force of the joining member 30
into the slot 24 can develop sufficient force against the
structural members 20, 22 for linear friction welding of the
joining member 30 to the joining surfaces 21, 23.

The joining member 30 1s friction welded to the first and
second structural members 20, 22 to form weld joints 36, 37
between the joining surfaces 21, 23 and the joining member
30. Friction welding 1s accomplished by moving the joining
member 30 relative to the structural members 20, 22. The
apparatus 10 can include a second actuator 13 for alternat-
ingly moving the joining member 30 in the opposed direc-
tions 38a, 38b, which are generally parallel to a lengthwise
direction of the slot 24 and the joining member 30. For
example, the second actuator 13 can oscillate the joining
member 30 a distance of about s 1inch at a rate of about 60
hertz. Other oscillation distances and frequencies can also be
used. The second actuator 13 can be engaged to the joining
member 30 through the same gripping device 12 as the first
actuator 11. The second actuator 13 can be a hydraulic,
pneumatic, or electric device, and 1n some embodiments the
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first and second actuators 11,13 are an integral device. As the
joining member 30 1s urged and moved against the structural
members 20, 22, a compressive force 1s established between
the engaged surfaces of the joining member 30 and the
structural members 20, 22. The compressive force 1s typi-
cally great enough to result in a pressure between the
structural members 20, 22 of at least about 1000 pounds per
square 1nch, for example, about 20,000 pounds per square
inch.

The motion of the joining member 20, 22 1s continued
while the compressive force 1s maintained resulting in
friction between the joining member 30 and the structural
members 20, 22. The friction results in heating of the joining
member 30 and the joining surfaces 21, 23, which causes
plasticized regions to form about the engaged surfaces. Once
sufficient plasticization has occurred, the motion of the
joining member 30 1s terminated. Plasticization can be
detected, for example, by mechanical or optical
measurements, or friction welding can be continued for a
predetermined duration based on such factors as the type of
materials being joined, the size of the joint, the compressive
force, and the type of joint being formed. After the motion
of the joining member 30 i1s terminated, the compressive
force can be maintained by continuing to urge the joining
member 30 1nto the slot 24 as the joining member 30 and the

structural members 20, 22 cool to thereby form the friction
weld joints 36, 37.

As shown 1n FIG. 3, the clamping device 14 can also
define an aperture 17 in the channel 16 for receiving flash
formed during the welding process. Flash generally refers to
plasticized material from the joining member 30 or struc-
tural members 20, 22 that 1s extruded from between the
joining member 30 and the structural members 20, 22 during
friction welding due to the compressive force therebetween.
The flash, generally referred to by reference numeral 42, can
collect to form a bead or multiple i1solated deposits as
illustrated 1n FIGS. 3 and 4. The aperture 17 can be a
channel-shaped groove, as shown, or one or more partial or
through bores 1n the clamping device 14. As shown 1n FIG.
4, the flash 42 can also be directed from between the joining
member 30 and the joining surfaces 21, 23 proximate to the
oripping portion 34 of the joining member 30 and longitu-

dinally from the ends of the slot 24. The flash 42 1s typically
removed when machining the preform 40 to form the

structural assembly 50.

As shown 1 FIGS. 3 and 4, the joining member 30 joins
the structural members 20, 22 to form the preform 40, which
can be trimmed to form the structural assembly 50. For
example, the gripping portion 34 of the joining member 30,
the clamping portions 26, 28 of the structural members 20,
22, and the flash 42 can be trimmed by any known means,
including using a manual or computer-guided machining
device, such as a CNC machine. For clarity of illustration,
the trimmed portions are shown in unitary form in FIG. §,
but these portions are typically broken up during trimming.
Other portions of the jomning member 30 and/or the struc-
tural members 20, 22 can also be trimmed to form the
structural assembly 50. For example, as shown 1n FIG. §, a
portion 31 of the joining member 30 disposed between the
clamping portions 26, 28 of the structural members 20, 22
can be trimmed. Preferably, the preform 40 i1s trimmed
according to predetermined dimensions corresponding to a
desired configuration of the structural assembly 50.

The engagement of the clamping surfaces 27, 29 of the
structural members 20, 22 to the clamping device 14 can
also facilitate an alignment of the structural members 20, 22.
For example, the clamping portions 26, 28 and the clamping
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surfaces 27, 29 of the structural members 20, 22 can be
configured so that as the clamping surfaces 27, 29 are
engaged to the clamping channel 16 of the clamping device
14, the structural members 20, 22 are configured 1n their
desired configuration. Additionally, each of the clamping
portions 26, 28 of the structural members 20, 22 can include
an alignment portion 25a, 25b as shown 1n FIGS. 7 and 8.
The alignment portions 235a, 25b are configured to be
engaged when the clamping portions 26, 28 of the structural
members 20, 22 are received by the clamping channel 16.
Thus, as shown 1n FIG. 7, the alignment portions 25a, 25b
of the structural members 20, 22 engage to form an 1nterface
therebetween. Preferably, when the alignment portions 254,
25b are engaged, the structural members 20, 22 are config-
ured 1n the desired configuration for joining. The clamping
portions 26, 28 of the structural members 20, 22 can also
define a space 19 between the interface of the clamping
portions 26, 28 and the joining member 30 for receiving the
flash 42 during joining, similar to the aperture 17 described
above. As shown 1n FIG. 8, the preform 40 formed from the
structural members 20, 22 can be trimmed to remove the
flash 42, the gripping portion 34, the clamping portions 26,
28, and/or other portions of the joining member 30 and the
structural members 20, 22 to form the structural assembly

50.

While the clamping device 14 described above can be
used to maintain the configuration of the structural members
20, 22 during friction welding, the structural members 20, 22
can also be restrained in other manners. For example,
according to another embodiment of the present invention
shown 1 FIGS. 9-11 , one or more additional structural
members 60, 62, 64 can be connected to the first and second
structural members 20, 22 to hold the first and second
structural members 20, 22 1 place while the joining member
30 1s welded thereto. For example, the additional structural
members 60, 62, 64 can be friction welded to the first and
second structural members 20, 22 by linear friction welding,
rotational friction welding, or friction stir welding, or the
additional members 60, 62, 64 can be joined by other
conventional fastening methods. Similar to the clamping
device 14 described above, the additional structural mem-
bers 60, 62, 64 maintain the relative position of the first and
second structural members 20, 22 to prevent the slot 24 from
opening when the joining member 30 1s urged 1nto the slot
24. Any number of the additional structural members can be
used, and the joining member 30 can be friction welded to
the additional structural members 60, 62, 64 to form joints
39 therebetween such that the additional structural members
60, 62, 64 preferably form part of the preform 40 and the
finished structural assembly 50. The clamping device 14 and
clamps 15a, 15b can be used to secure the structural mem-
bers 20, 22, 60, 62, 64 while the jomning member 30 1s joined

thereto, as shown 1n FIG. 10. For example, the clamps 154,
156 can be vise-like devices that are adjusted to hold the
structural member 20, 22, 60, 62, 64 securely 1n place
against the clamping device 14. Alternatively, the structural
members 20, 22, 60, 62, 64 can be secured to the clamping
device 14 by bolts, tack weld, tooling, or the like. As
illustrated 1n FIG. 11, the flash 42, gripping portion 34,
and/or other portions of the joining member 30 or structural
members 20, 22, 60, 62, 64 can be trimmed to form the

structural assembly 50.

The structural members can also be joined by other
joining methods, such as rotational friction welding, 1llus-
trated 1n FIGS. 12-15. In FIG. 12, four structural members
70a—d are shown configured for joining, though any number
of members can be joined. Each of the structural members
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70a—d defines a joimning surface 7la—d, and the joining
surtaces 7la—d, are positioned to define an angled, or
converging, aperture 72 between the structural members
70a—d. The aperture 72 can defilne a variety of angled
shapes, for example, an angled slot, as described above.
Alternatively the aperture 72 can define a frustocone, or at
least part of a tapered bore, as shown 1 FIGS. 12 and 13. As
described above, each of the structural members 70a—d can
define a clamping portion 74a—d that 1s at least partially
received by a clamping device 76. The clamping device 76
can engage a clamping surface 75a—d of each clamping
portion 74a—d and prevent the structural members 70a—d
from moving outward to open the aperture 72. A joining
member 89 corresponds to the angle of the aperture 72 so
that, as the joining member 80 1s urged into the aperture 72,
the joining member 80 urges the structural members 70a—d
outward from the aperture 72. The joining member 80 1s then
moved against the joining surfaces 71 a—d of the structural
members 70a—d, for example, by rotating the joining mem-
ber 80 about an axis that i1s generally collinear with a
longitudinal axis of the aperture 72 and the jomning member
80. The relative motion of the joining member 80 against the
joining surfaces 71a—d causes a {Irictional force
therebetween, heating the jomning member 80 and/or the
structural members 70a—d to a plasiticizing temperature for
friction welding. When a sufficient temperature and suifi-
cient plasticizing have been achieved for friction welding,
the joining member 80 is stopped. As described above, the
joining member 80 can be urged 1nto the aperture 72 after the
joining member 80 1s stopped and until the structural mem-
bers 70a—d and the joining member 80 cool so that a joint 1s
formed therebetween.

As shown 1n FIGS. 14 and 15, a preform 84 formed by
joining the structural members 70a—d 1s trimmed to form a
structural assembly 86. For example, a gripping portion 82
of the joining member 80, clamping portions 74a—d of the
structural members 70a—d, flash 81, and the like can be
trimmed from the preform 84. Additionally, as shown 1in
FIG. 14, the clamping portions 74a—d can be larger in
combination than the joining member 80 and the desired size
of the final structural assembly 86. For example, the clamp-
ing portions 74a—d defined by the structural members 70a—d
shown 1 FIG. 12 are larger than the jomning member 80 so
that the clamping surfaces 75a—d of the clamping portions
74a—d can define the aperture 72. The relatively large
clamping portions 74a—d are provided to accommodate the
joiming member 80. After the structural members 70a—d
have been jomed, the clamping portions 74a—d and the
joining member 80 are then trimmed to achieve the desired
shape and size of the structural assembly 86.

Referring now to FIG. 16, there are 1llustrated the opera-
tions for joining structural members to form a structural
assembly according to one embodiment of the present
invention. A first structural member 1s positioned proximate
to a second structural member so that a first joining surface
of the first structural member and a second joining surface
of the second structural member define an angled slot
therebetween. The slot 1s generally uniform 1n a lengthwise
direction for receiving a joining member therein. See Block
100. For example, the structural members can be positioned
substantially within a plane. See Block 102. A clamping
portion can be provided on each of the structural members.
Each clamping portion extends from the respective member
and defines a clamping surface. See Block 104. The clamp-
ing portions are nserted in a clamping channel of a clamping
device so that the clamping device contacts the clamping
surfaces of the structural members to prevent the slot from
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opening. See Block 106. A space can be provided between
the clamping device and the joining member to receive flash
from the joining member and the joining surfaces of the
structural members. See Block 108. The structural members
can also be positioned so that alignment portions thereof are
engaged to define an interface. See Block 110. The structural
members can also be joined to at least a third structural
member that maintains the relative position of the first and
second structural members to prevent the slot from opening.
See Block 112. The joining member 1s urged into the slot and
against the joining surfaces of the structural members. See
Block 114. For example, the joining member can be urged
in a normal direction generally perpendicular to a plane
defined by the members. See Block 116. The joining mem-
ber 1s moved alternately 1n first and second opposed direc-
tions generally parallel to the lengthwise direction of the slot
to thereby friction weld the joining member to the structural
members. See Block 118. For example, an actuator can be
engaged to a gripping portion of the joining member to
actuate the joining member 1n alternate opposed directions,
and the gripping portion can then be removed from the
joimning member. See Block 120. The moving of the joining
member 15 terminated, for example, after a predetermined
duration of time or upon mechanical, thermal, or optical
detection of sufficient plasticization. The joining member
can be urged against the structural members as the joining
surfaces and the joining member cool to form the friction
weld joint therebetween. See Block 122. The clamping

portions of the structural members can then be trimmed. See
Block 124.

FIG. 17 1llustrates the operations for joining structural
members according to another embodiment of the present
invention. A first structural member 1s positioned proximate
o a second structural member so that a first joining surface
of the first structural member and a second joining surface
of the second structural member define an angled aperture
therebetween for receiving a joining member. A clamping
portion of each structural member extends from the respec-
five structural member and defines a clamping surface. See
Block 200. For example, the structural members can be
positioned so that alignment portions of each of the clamp-
ing portions are engaged to define an interface therebetween.
Sec Block 202. A space can be provided between the
clamping device and the joining member to receive flash
from the joining member and the joining surfaces of the
structural members. See Block 204. Further, more than two
structural members can be positioned to define the aperture
so that at least three structural members are joined to form
the structural assembly. See Block 206. The clamping por-
tions of the structural members are 1nserted 1n a clamping
aperture of a clamping device. See Block 208. The joining
member 15 urged into the aperture and against the joining
surfaces of the structural members 1in a direction generally
parallel to the clamping surfaces of the structural members
so that the joming member urges the clamping surfaces of
the structural members against the clamping device to
thereby prevent the aperture from opening. See Block 210.
The joining member 1s also moved relative to the structural
members to friction welding the jomning member thereto.
See Block 212. For example, an actuator can be engaged to
a gripping portion of the joining member to actuate the
joining member 1n alternate opposed directions, and the
oripping portion can be subsequently trimmed. See Block
214. According to one aspect of the invention, the structural
members arc positioned to define a generally uniform angled
slot, and the joining member 1s moved 1n first and second
opposed directions generally parallel to a lengthwise direc-
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tion of the slot to friction weld the joining member to the
structural members. See Block 216. Alternatively, the struc-
tural members can be positioned to define a generally
frustoconical aperture, and the joining member can be
rotated about an axis generally collinear with a longitudinal
axis of the aperture to friction welding the joining member
to the structural members. See Block 218. The motion of the
joimning member 1s terminated, for example, after a prede-
termined duration of time or upon mechanical, thermal, or
optical detection of sufficient plasticization. After terminat-
ing the motion, the joining member can be urged against the
structural members as the joining surfaces and the joining
member cool to form the friction weld joint therebetween.
Sce Block 220. The clamping portion can then be trimming
from the structural members. See Block 222.

Many modifications and other embodiments of the inven-
tion will come to mind to one skilled 1n the art to which this
invention pertains having the benefit of the teachings pre-
sented 1n the foregoing descriptions and the associated
drawings. For example, the structural members can be
processed before and/or after joming by friction welding.
Such processing can include cleaning the joining surfaces of
the structural members to remove oxidation or surface
defects. Additionally, the structural members can be heat
treated by aging, quenching, stretching, annealing, or solu-
fion annealing to obtain desired mechanical or chemical

properties, as 1s known 1n the art. Therefore, 1t 1s to be
understood that the invention 1s not to be limited to the

specific embodiments disclosed and that modifications and
other embodiments are mtended to be included within the
scope of the appended claims. Although specific terms are
employed herein, they are used 1n a generic and descriptive
sense only and not for purposes of limitation.

That which 1s claimed:

1. A method of joining at least two structural members to
form a structural assembly, the method comprising:

positioning a first structural member proximate to a
second structural member such that a {first joining
surface of the first structural member and a second
joining surface of the second structural member define
an angled slot therebetween, the slot being generally
uniform in a lengthwise direction of the slot for receiv-
ing a joining member therein;

urging the joining member 1nto the slot and against the
joining surfaces of the structural members; and

at least partially concurrently with said urging step, mov-
ing the joining member alternately in first and second
opposed directions generally parallel to the lengthwise
direction of the slot and thereby friction welding the
joining member to the first and second structural mem-
bers.

2. Amethod according to claim 1 wherein said positioning
step comprises positioning the structural members substan-
tially within a plane and wherein said urging step comprises
urging the joining member 1n a normal direction generally
perpendicular to the plane.

3. A method according to claim 1 further comprising
providing a clamping portion on each of said structural
members, each clamping portion extending from the respec-
five structural member and defining a clamping surface
generally parallel to the direction of urging of the joining
member.

4. A method according to claim 3 further comprising
inserting the clamping portion of the structural members 1n
a clamping channel of a clamping device such that the
clamping device contacts the clamping surfaces of the
structural members to prevent the slot from opening during
the urging step.
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5. A method according to claim 3 further comprising,
subsequent to said moving step, trimming the clamping
portion from the structural members.

6. A method according to claim 4 further comprising
providing a space between the clamping device and the
joining member such that said space 1s capable of receiving
flash from the joining member and the joining surfaces of the
structural members during said moving step.

7. Amethod according to claim 1 wherein said positioning,
step comprises positioning the structural members such that
an alignment portion of the first structural member engages
an alignment portion of the second structural member to
define an interface therebetween.

8. Amethod according to claim 1 wherein said positioning,
step comprises joining the first and second structural mem-
bers to at least a third structural member such that the third
structural member maintains the relative position of the
structural members to prevent the slot from opening during
said urging step.

9. A method according to claim 1 wherein said moving
step comprises engaging an actuator to a gripping portion of
the jomning member and actuating the joining member in
alternate opposed directions and further comprising, subse-
quent to said moving step, trimming the gripping portion
from the joining member.

10. A method according to claim 1 further comprising:

terminating said moving step; and

concurrently with said terminating step, urging the joining
member against the first and second structural members
as the joining surfaces and the joining member cool to
thereby form the friction weld joint between the joining
surfaces and the joining member.
11. A method of joining at least two structural members to
form a structural assembly, the method comprising:

positioning a {first structural member proximate to a
second structural member such that a first joining
surface of the first structural member and a second
joining surface of the second structural member define
an angled aperture therebetween for receiving a joining,
member therein and such that a clamping portion of
cach structural member extends from the respective
structural member and defines a clamping surface;

inserting the clamping portions of the structural members
in a clamping aperture of a clamping device;

urging the jomning member 1nto the aperture and against
the joining surfaces of the structural members 1n a
direction generally parallel to the clamping surfaces of
the structural members such that the joining member
urges the clamping surfaces of the structural members
against the clamping device to thereby prevent the
aperture from opening; and

at least partially concurrently with said urging step, mov-
ing the jomning member relative to the structural mem-
bers and thereby friction welding the joining member to
the first and second structural members.

12. A method according to claim 11 wherein said posi-
tioning step comprises positioning the structural members to
define a generally uniform angled slot and said moving step
comprises moving the joining member 1n first and second
opposed directions generally parallel to a lengthwise direc-
fion of the slot and thereby friction welding the joining
member to the first and second structural members.

13. A method according to claim 11 wherein said posi-
tioning step comprises positioning the structural members to
define a generally frustoconical aperture and said moving
step comprises rotating the joining member about an axis
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generally collinear with a longitudinal axis of the aperture
and thereby friction welding the joining member to the first
and second structural members.

14. A method according to claim 11 further comprising,
subsequent to said moving step, trimming the clamping
portion from the structural members.

15. A method according to claim 11 wherein said posi-
fioning step comprises positioning the structural members
such that alignment portions of each of the clamping por-
tions are engaged to define an interface therebetween.

16. A method according to claim 11 further comprising
providing a space between the clamping device and the
joimning member such that said space 1s capable of receiving
flash from the joining member and the joining surfaces of the
structural members during said moving step.

17. A method according to claim 11 wherein said posi-
floning step comprises positioning at least three structural
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members to define the aperture and wherein said moving
step comprises Iriction welding the at least three structural
members.

18. A method according to claim 11 wherein said moving
step comprises engaging an actuator to a gripping portion of
the joining member and further comprising, subsequent to
saild moving step, trimming the gripping portion from the
joining member.

19. A method according to claim 11 further comprising:

terminating said moving step; and

concurrently with said terminating step, urging the joining,
member against the first and second structural members
as the joining surfaces and the joining member cool to
thereby form the friction weld joint between the joining,
surfaces and the joining member.
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